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Influence of ion bombardment flux on the characteristics
of NiC films obtained by cathodic arc deposition
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This paper aims to provide an analysis on the effects of ion bombardment flux (ji) on film characteristics of nickel carbide
films deposited by the cathodic arc method, under the conditions when ion energy (E;) and the ratio of the ion flux to the flux
of deposited atoms (ji/ja) were kept constant. The deposition atmosphere consisted in a CH4+Ar mixture. The substrate
current density was varied from 2.7 to 4.4 mA/cm? by using either one or two cathodes. The coatings were investigated in
terms of elemental and phase composition, texture, chemical bondings, residual stress, hardness, electrical characteristics
and tribological performance. The experimental results showed that film crystallinity, hardness and wear resistance of the

NiC coatings improved at increased ion bombardment intensity.
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1. Introduction

It has been known for many years that the ion
bombardment during thin films growth induces changes in
chemical bonds, crystalline orientation, lattice parameter,
packing density, intrinsic stress, grain size and surface
topography [1-7].

For a constant substrate temperature, the main
parameters characterizing the effects of the ion irradiation
are the ion energy E;, the ion flux j; and deposited atoms
flux j,. Different authors considered the role played by
each parameter and their relative importance in different
ways. Thus, in several works the average energy E
delivered per atom (E = E; (ji/j.)) was treated as being a
performance parameter which correlated bombardment
conditions with coating properties [8], [9], while in other
works the parameters E; and j;/j, were distinctly taken into
account since they were considered to influence the film
properties through quite different mechanisms [2], [10].
Furthermore, some authors showed that the film properties
(microstructure, morphology, intrinsic stress, hardness)
depend not only on the ion/neutral flux ratio, but also on
the absolute value of the ion current density [1], [4], [10].
It has been also reported that the major role in improving
coating quality (in terms of coating densification) is played
by the coating sputtering, in which the relative importance
of ion energy and flux depends on the energy range [1].

This paper focuses on the effects of ion flux j; on the
properties of nickel carbide coatings, obtained at constant
E; and j/j, ratio. Film characteristics were analyzed as
function of substrate current density j, and deposition rate
Dr since these process parameters are, as it is usually
admitted, proportional to j; and j,, respectively. The
selection of Ni-C films was determined by the following
reasons. Metals with low reactivity to carbon (e.g. Ni)
form nanocomposite structures, with the metal or carbide
nanocrystals embedded in an amorphous carbon matrix.

Such fine mnanocrystalline structures are commonly
associated with high hardness and toughness, and good
tribological performance. Of these materials, carbon-
nickel composite films have been shown to exhibit
interesting mechanical, tribological and electrical
properties (low level of residual stress, good friction
behavior, significant change of resistivity with carbon
content variation) [11 — 14].

The coatings were deposited by the cathodic arc
method on C45 steel and Si substrates. The films were
analyzed for elemental and phase composition, texture,
mechanical characteristics (residual stress and hardness),
electrical resistivity and tribological behavior.

2. Experimental

The coatings were prepared in a cathodic arc unit [15]
equipped with two Ni cathodes. The reactive atmosphere
was a mixture of Ar and CH4 gases. Two coating types
were prepared, having different substrate current densities
js and deposition rates Dg, but the same j/Dy ratio and
substrate bias voltage V. The change of the substrate
current density, and also of the deposition rate, was
obtained by using either one cathode (sample NiC-1, Table
1) or two cathodes (sample NiC-2, Table 1). To have a
constant j/Dy value for both samples, the cathode currents
were accordingly adjusted (see Table 1). The substrates
were not intentionally heated, their temperature being
around 100°C. Furthermore, in order to keep constant the
elemental compositions of the films when employing one
or two cathodes, the mass flow rate of the reactive gas
(CH4) was properly controlled. For all coatings’
deposition, the argon flow rate and the substrate bias were
held constant at 30 sccm and -100 V, respectively, while
the cathode currents were as listed in Table 1, in which the
measured j; and Dy values, as well as the j¢/Dg ratio, are
also given.
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Table 1. Deposition conditions for InN films.

Sample | Number I. (A) Fr Js Dr js/Dr
of Cathode 1 Cathode 2 (scem) | (mA/em?) | (nm/s) mA-s
cathodes cm®-nm
NiC-1 1 110 - 120 2.7 1.3 2.08
NiC-2 2 115 115 200 4.4 2.1 2.10
Under these deposition conditions, the j/Dg ratio was of Table 2. Elemental composition of the NiC coatings
approximately 2.1 mA-s/cm*nm for all coatings. Sample | Elemental composition (at.%) C/Ni
Deposition periods were selected to prepare films of Ni C o
approximately 2.4 um thick. . . NiC-1 50.8 471 21 093
Depth profiles of atomic concentrations were obtained NiC-2 503 483 14 0.96

by GDOS analysis, using a SPECTRUMA GDA-750 HP
spectrometer. The carbon binding state in the films was
investigated by Raman spectroscopy. The spectra were
taken with a LABRAM-HT spectrometer, using the 488
nm excitation wavelength of a HeNe laser. Phase
composition and preferred orientations were studied by X-
ray diffraction (Rigaku MiniFlex II, Cu K, radiation).

The film thickness and residual stress were
determined with a Dektak 150 surface profiler. For
residual stress determination, radius of curvature of silicon
substrates (2 inches in diameter) was measured prior and
after film deposition. Film hardness was measured with a
FM-700 Digital Microhardness Tester (0.1 N load). The
films' resistivity was determined by the Van der Pauw
method using the HMS-3000 Hall Effect Measurement
System. Tribological performance of coatings was
examined in dry atmosphere by means of a CSEM Ball-
on-Disc Tribometer (sapphire ball of 6 mm in diameter,
0.2 m/s, 400 m sliding distance, 3 N load).

3. Results and discussion

3.1. Elemental composition, crystalline
structure and chemical bondings

The chemical composition depth profiles of the NiC
coatings deposited on C45 steel substrates were obtained
by GDOS technique. Table 2 displays the atomic
percentages of Ni, C and O determined at a depth of about
1 um (equilibrium values) and considered to represent the
values in the film bulk.

As an example, the chemical composition depth
profile of a NiC coating (sample NiC-1) deposited on a
C45 steel substrate, as obtained by GDOS, is shown in
Fig. 1. It should be noted that both films are almost
stoichiometric, having similar atomic concentrations (C/Ni
=0.93 - 0.96).

The phase composition, texture and crystalline structure
of the nickel carbide films were analyzed by X-ray
diffraction. The diffraction patterns (Fig. 2) show the
presence of two phases in the deposited films: Ni;C
(hexagonal closed-packaged hcp, (113) texture) and NiC
(fce, (111) texture). The enhancement of the ion flux
determines more intense peaks, indicating an improvement
of film crystallinity and an increase in crystallite size d, as
presented in Table 3.
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Fig. 1. GDOS depth profiles of a NiC coating (sample NiC-1).
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Fig. 2. X-ray diffraction patterns of the NiC coatings.

The carbon bondings in the films were investigated by
Raman spectroscopy (Fig. 3). The Raman spectra are
typical for metal containing carbon films. The appearance
of bands D and G is indicative of the presence of C-C
bonds. This result, correlated with those obtained by X-ray
diffraction, shows that the films have a composite
structure: crystalline Ni;C and NiC phases, embedded in
an amorphous carbon (a-C) matrix.

In Table 3, the G peak position and Ip/Ig ratios in the
deposited films are presented. It can be seen that G peak
position shifts towards higher wavenumbers and the Ip/Ig
ratio increase with the ion flux enhancement, indicating an
increase in the clustering of the ring - like sp? structure of
the metal - free carbon phase [16], [17].
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Fig. 3. Raman spectra of the NiC coatings.

Table 3. G peak position and Ip/I; ratio in the NiC films.

Sample G Position (cm™) Ip/lg
NiC-1 1551 1.02
NiC-2 1562 1.15

3.2. Mechanical characteristics

The measured values of residual stress and hardness
of the nickel carbide coatings are summarized in Table 4.
It can be seen that the variation of the substrate current
density induces changes in residual stress. The films
grown under reduced ion bombardment exhibit a
compressive stress, which changes into a tensile, as the
current density increases. It is known that PVD deposited
films develop an intrinsic stress, as the result of non-
equilibrium growth conditions. As the investigated films
were deposited at relatively low temperature, under the
low ion density growth conditions, very little surface
diffusion and a large vacancy concentration are expected.

We observed the increase in the grain size for
enhanced ion flux, especially for the NiC phase. As the
grain boundaries are less dense than the grain lattice, the
elimination of lots of grain boundaries leads to a
densification of the film and to a change in the developed
stress, from compressive to tensile [18, 19], according to
the observed increase of the tensile strain in NiC-2 films.
However, because the difference in the stress values
obtained for the two films is high, we looked also for other
explanation, compatible with the first one. We considered
that the excess vacancies in the films are partially
annihilated due to ion bombardment enhancement. The
vacancy annihilation at a vertical boundary results in an
in-plane change of film dimensions, so that additional
tensile stress develops. We mention that the equally
probable vacancy annihilation on the film surface or at the
interface add no additional stress since the in-plane
dimensions of the film are not changed [20, 21].

The experimental results show an increase in films'
hardness with increasing ion bombardment intensity,
accompanied by a transition from compressive to tensile

stress and an increase in the mean crystallite size. So, the
hardening effect seems to be related neither to the stress
developed in the film, nor to Hall-Petch mechanism (H ~
(1/d)"?). Also, the observed hardness increase can not be
related to defect hardening, as this is effective only in
films under high compressive stress. The beneficial effects
of ion bombardment intensity on film hardness could be
related to coating densification, due to material
redistribution caused by a more intense ion bombardment,
as the relative importance of ion energy and flux depends
on the energy range [1]. According to Petrov et al. [22], at
energies nearby 100 eV, as in our deposition conditions,
the film densification is determined by collisional cascade
effects such as forward sputtering, recoil implantation
and atom mixing. To prove this in our case, we discuss
in the following the film's electric resistivity behaviour
and the tribological properties.

Table 4. Residual stress (o), hardness (H), electrical
resistivity (p) and crystallite size (d) of the NiC coatings.

Sample c H p d (nm) d (nm)
(MPa) | (GPa) | (x10° | NiC(200) | NizC(006)
Qcm)
NiC-1 | -1469 | 19.5 246 7.8 18.5
NiC-2 | +197 | 25.1 50 21.4 21.8

3.3. Electrical resistivity

The results of the resistivity measurements using the
four-point probe technique are listed in Table 4.

Depending on the Ni content, NiC coatings present
either dielectric or conductive characteristics, the later one
for nickel concentrations above ~ 21 at.% [23]. As
expected, with a Ni content of about 50 at.%, the deposited
coatings exhibited a low electrical resistivity, which
depends on the intensity of ion bombardment. If we
consider the values of the electrical resistivity as an
indication of the internal defects [24], it clearly results the
decrease of defect amounts as the current density of ions
striking the substrate is increased. The observed reduced
resistivity could also be ascribed to the reduced carriers
scattering on grain boundaries, according to the X-ray
diffraction patterns displaying the grain size increase with
the ion flux.

3.4. Friction and wear performance

The tribological tests were performed on coatings
deposited on C45 steel discs (30 mm in diameter). The
results of the tests were summarized in terms of the
variation of the friction coefficient p vs. sliding distance
(Fig. 4) and of the wear rate K and friction coefficient after
the sliding test (Fig. 5).

One may observe that both the friction coefficient and
the wear rate decreased with increasing ion flux, attesting
the beneficial effects of ion bombardment intensity on
nickel carbide coating characteristics.
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Fig. 6 show 3-D images of wear tracks at the end of

the friction tests for the samples NiC-1 and NiC-2. It can
be seen a less material removal for the coating prepared
under enhanced ion flux conditions (sample NiC-2),
confirming the above mentioned results.
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Fig. 4. Friction coefficient u for NiC coatings as a function

of sliding distance.
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Fig. 5. Friction coefficient yu and wear rate K for NiC coatings
(dry testing conditions; sapphire ball, 0.2 m/s, sliding distance
400 m, 3 N load).
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Fig. 6. Two 3-D images of surface profiles of wear tracks
for (a) — NiC-1 and (b) — NiC-2 coatings afier the sliding
test of 400 m.

4. Summary and conclusions

Research carried out demonstrated that the flux of the
ions striking the substrate, as determined by the substrate
current density js, has a direct influence on the properties
of the nickel carbide coatings, distinctly from the ratio
js/Dr of the ion flux to the overall flux of deposited
particles. The ion flux variation was obtained by using
either one or two cathodes, while keeping constant the
substrate bias and j/Dgr values. Different film
characteristics have been observed to depend on the ion
flux as follows.

e The coatings, with C/N ratios of about 0.94, exhibit a
composite structure, consisting of a mixture of
crystalline hcp Ni;C and fce NiC phases, embedded in
an amorphous a-C phase. The film -crystallinity
improved with increasing ion flux.

e The films were found to change from compressive to
tensile stress, with increasing ion flux. An increase in
hardness with ion flux enhancement was also
observed.

e The films prepared under enhanced ion bombardment
exhibited superior wear resistance.

In conclusion, we could appreciate that in the case of
the NiC coatings and for the deposition conditions under
consideration in this work, the enhancement of the ion flux
improves the film quality.
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